ABSTRACT We present simple models that describe the factors inßuencing application of the Sterile Insect Technique (SIT) alone, followed by the factors affecting the integration of the Male Annihilation Technique (MAT) and SIT simultaneously to annihilate wild males and replace them with methyl eugenol (ME)-exposed sterile males that are less responsive to the toxic MAT baits. The removal by MAT of large numbers of males to deprive females of mates is rather ineffective to suppress populations unless a proportion of females are also attracted to baits. When simultaneously implementing SIT and MAT, much less stringent requirements for the annihilation of the wild male population apply and the sterile ßy release rate can be reduced to only Ϸ5% of that when SIT is applied alone. The main determinants of control efÞciency are whether a proportion of wild females is attracted to MAT baits, whether most of the wild males respond to the MAT baits before mating, and whether a majority of ME-exposed sterile males do not respond to the baits. However, a high remating frequency in mated females, and the release of only sterile males or both sterile males and females, do not greatly affect the ease of control. We conclude that the simultaneous MAT and SIT application is synergistic and the combination appears to be an extremely powerful control strategy for tephritid fruit ßy pests that are attracted to ME.
The integration of two or more methods of insect pest control as part of an integrated pest management (IPM) approach has remained the dominant paradigm of pest control for the last 50 yr (Food and Agriculture Organization of the United Nations [FAO] 2011), and is especially effective and more sustainable when applied on an area-wide basis (Hendrichs et al. 2007 ). However, integrated control tactics can be additive, synergistic, or even subtractive under certain circumstances (Knipling 1979 ). An understanding of how these methods interact is therefore crucial to the success of such IPM programs.
Methyl eugenol (ME) is a powerful attractant for males of many tropical tephritid fruit ßy species, especially Bactrocera spp. (Drew 1974 (Drew , 1989 White and ElsonÐHarris 1992; Tan and Nishida 2012) . This strong attractant, mixed with a poison, has been used since the 1950s for purposes of monitoring and control (Steiner and Lee 1955, Cunningham and Suda 1986) by attracting, trapping, and killing the males. This Male Annihilation Technique (MAT) has been effectively used as a "lure and kill" technology (El-Sayed et al. 2009 ) to suppress (Balasubramaniam et al. 1972 , Qureshi et al. 1981 , Vargas et al. 2010 or even to eradicate established populations of ME-responding fruit ßies of economic importance (Steiner et al. 1965 , Ushio et al. 1982 , Koyama et al. 1984 , Cunningham 1989 , Anonymous 1991 , Nakamori et al. 1991 , Malavasi et al. 2000 .
MAT alone has often been applied successfully. However, in other cases mostly involving well established populations such a stand-alone approach has failed and the follow-up with the Sterile Insect Technique (SIT) was needed after reduced population levels were achieved following MAT application (Cunningham 1989 , Steiner et al. 1970 , Shiga 1989 . This has also been necessary for Bactrocera species responding to the less powerful attractant cuelure (Matsui et al. 1990 , Koyama et al. 2004 , or where less ME-sensitive strains appear to be present and wild males have sufÞcient access to natural ME sources (Shiga 1989 , Anonymous 1991 . Integration with SIT is also an option to avoid long-term pressure on a population by selecting for less ME-responsive males (Cunningham 1989) .
The SIT has been widely and effectively applied for suppression, containment, or eradication purposes (Hendrichs et al. 2005) , including against ME-and cuelure-responding fruit ßies of economic importance (Enkerlin 2005) . However, because of its inverse den-sity dependence, SIT is generally not a stand-alone technology, requiring additional suppression tactics to be able to achieve adequate sterile to wild male overßooding ratios (Knipling 1979 , Dyck et al. 2005 . Integration of MAT with SIT has so far been sequential, rather than simultaneous, with MAT normally followed by SIT after a period of cessation (Steiner et al. 1970 , Itô and Iwahashi 1974 , Shiga 1989 . The reason has been to avoid the residual effect of the toxic ME or cuelure sources that also attract and eliminate most of the released sterile males.
Nevertheless, there is the potential for combining simultaneously the SIT with MAT application (Chambers et al. 1972 , Shelly 1994 . Prerelease exposure or direct feeding on ME can signiÞcantly reduce [by ca. two thirds in Bactrocera dorsalis (Hendel)] sterile male response to male-annihilation baits or traps in the Þeld (Shelly 1994) . This opens the possibility of routinely including ME in the postteneral diet of maturing sterile males at ßy emergence and release facilities. While wild males have to actively seek out ME sources in nature and would therefore continue being attracted and eliminated at ME baits and traps, MEexposed sterile males would have the advantage of having signiÞcantly reduced attraction to ME sources. Such a "male replacement" approach (Robinson and Hendrichs 2005 , Shelly et al. 2010 , McInnis et al. 2011 , simultaneously exchanging a signiÞcant portion of the wild males in the target population with released ME-fed sterile males, would drastically increase the over-ßood-ing ratio of sterile to wild (fertile) males, assuming that wild male attraction to ME baits and traps occurs largely before full sexual maturation is reached and mating occurs (Wong et al. 1989 , Shelly et al. 2008 .
Prerelease consumption of ME, however, provides another major beneÞt. ME-fed sterile males not only have reduced responsiveness to ME sources, but also increased mating competitiveness compared with ME-deprived males (Shelly and Dewire 1994 , Tan and Nishida 1998 , Shelly et al. 2010 , McInnis et al. 2011 . ME-treated males have enhanced aggregation behavior, earlier onset of sexual attraction, and elicit increased female response, resulting in higher mating success with virgin females (Wee et al. 2007) . A further beneÞt of ME pharmacophagy entails a role in defense, as such males are consumed less by some predators (Tan and Nishida 1998) . When ME-fed Bactrocera papayae (Drew and Hancock 1994) males are disturbed, they spontaneously secrete a rectal material that deters the predator.
This article is a sequel to one that investigates the efÞcacy of MAT alone (Barclay and Hendrichs 2014) . The models in this article have not been tested against experimental data because the data required to do so far exceed the scope of this article. We do, however, apply out age-structured model to empirical data on B. dorsalis.
Materials and Methods
The models developed here are all extensions of models of the use of ME in baits and traps to capture either males alone or both sexes (Barclay and Hendrichs 2014) in which males were assumed to be limited to to one mating per day. Those models in turn were an extension of a model presented by Barclay (1987) for the use of odor-baited traps to capture males and females of an insect pest species, in which males had an unlimited capacity for mating. Barclay and Hendrichs (2014) identiÞed several biological factors that needed to be included in the models. They examined the cases of 1) female monogamy versus polygamy (frequent female remating); 2) attraction of only males to the baits and traps versus attraction of both sexes; 3) after baiting or trapping, males outnumber receptive females (male excess) versus receptive females outnumber males (male deficit); 4) capture occurring before mating versus mating occurring before capture; 5) some males mate before capture trapping and some after capture; 6) the ability of males to mate many times per day versus only once per day, and 7) the existence of a time lag after emergence before females can mate. In most cases, mating before capture rendered the MAT ineffective. Furthermore, if males outnumbered receptive females after baiting or trapping, then the model was effectively reduced to a model of only females being trapped. Most of these same themes will be present in this article as well. We use the term "monogamy" throughout to indicate that the females once inseminated are not reinseminated. The details about sperm precedence and super-insemination are assumed not to matter if mating is random. The feature of importance here is presence or absence of competition for mating of virgin females as a result of mated females remating.
The Use of SIT Without Simultaneous MAT Application. A model for SIT alone, with no ME exposure, may require six equations (Barclay and van den Driessche 1989) : the equations for mated females (F), virgin females (V), and males (M) of the wild target population are modiÞcations of the basic equations used by Barclay and Hendrichs (2014) , with the inclusion of the mating proportion below. In addition, there are three equations for sterile virgin females (W) (if sterile females are also released), sterile males (N), and sterilized mated females (sterile or fertile virgin females mated to sterile males and sterile virgin females mated to wild males) (G). The equations are as follows:
Here, a proportion of virgin females mate with wild males: 
If the population falls below the steady state and sterile insect releases continue, the population will be reduced to zero, whereas if the population rises above the steady state it will expand in unrestricted growth. The equations are the same for both female monogamy and polygamy, as under these conditions males are always at least as numerous as receptive females. In all models that follow, sterile male competitive ability is the same as for wild males unless otherwise stated. Simultaneous SIT and MAT Application With Attraction of Only Wild Males to ME Baits and Traps. In the models that follow, we must assume some order of events to set them up. Here, we assume that daily emergence of adults and release of sterile virgin males and females occur each day before either attraction to the baits and traps or mating. Tally of adult stages will therefore occur after adult emergence, then either mating or trapping, and then the other. Usually the order will be unimportant so long as it is consistent. This is not the case in this context, however, for mating and attraction to baits and traps each day. This order is critical for control using ME without SIT (Barclay and Hendrichs 2014) , and is also important when using ME and SIT combined, as seen below.
When used in combination with baits and traps containing ME, it is assumed that before release, the sterilized males have been exposed to a source of ME, so that the sterile males have satisÞed their ME requirements as a critical precursor to pheromone production (Tan and Nishida 2012) and are no longer attracted to ME sources (Shelly 1994) , while the wild males are attracted.
We examine all combinations of the cases of female monogamy versus female polygamy, the release of only sterile males versus the release of both sexes in equal numbers, mating before attraction and capture at baits and traps versus thereafter, and the cases of male excess versus male deÞcit. There are thus 16 cases to investigate, although in some cases males are either always in excess of females or always in deÞcit when at equilibrium, and thus one set of equations does not apply. As there is much duplication and overlap among the 16 cases, the Þrst four cases will be developed in some detail and then the equations and results for all 16 cases are presented in tables and appendices. The attraction and capture of both wild and sterile males and the attraction and capture of wild males as well as virgin and remating females are then examined as special cases for comparison with the attraction of only wild males. Finally, we examine the delayed mating of females resulting from the requirement of sexual maturation for the cases of female monogamy together with 1) the attraction and killing of only males, or 2) the attraction and killing of both sexes. (G) . Because attraction to ME sources in this Þrst case follows mating, the mating equations do not show the results of attraction and capture of that day, and so the Knipling-type ratio of wild males to total males is given by [M i /M i ϩ N i ]; therefore, mating males will always outnumber virgin females, as males and virgin females emerge in equal numbers, so there is only one set of equations to analyze, that of male excess, and also the operational sex ratio is normally biased in favor of males, as most virgin females are immature and only a few are receptive. The Þve equations are shown in Appendix 1A. All the equations in Appendix 1A assume that both fertile and sterile adults survive at a rate s each day from one day to the next.
The possibility of male deÞcit can be determined by Þnding the population steady state and then equating the males with the virgin females. The equilibrium is found by assuming that there is no change in the variables over time, so that the time subscripts can be dropped. This gives the equilibrium as:
Then equating males to virgin females, we obtain:
We can see by inspection that the left hand side is always bigger than the right side, as aF/(1 Ϫ sz) Ͼ aF, (since 1 Ϫ sz Ͻ 1.0), and also r/(1 Ϫ s) Ͼ 0. Thus, the equality never holds, and males are always in excess at steady state.
From equations 3, we can substitute the expressions for V, M, and N into the equation for F and solve for r. Doing this, we obtain the critical value of r (sterile male release rate), r*, that will separate population growth from population collapse. This gives
Equation 4 deÞnes a curve along which are pairs of values of r and z that will all be critical pairs; this curve, called an isocline, separates success from failure. At any point along the isocline, the equilibrium is maintained; if r is increased or if z is decreased, then the population will collapse; if r is decreased or if z is increased, then the population will increase unchecked. Figure 1a shows the r-z isoclines from equation 4 for four sets of parameter values: a ϭ 2, s ϭ 0.7; a ϭ 2, s ϭ 0.9; a ϭ 10, s ϭ 0.7; and a ϭ 10, s ϭ 0.9. Mating Occurs After Attraction to Baits and Traps. For the case of mating following attraction to baits and traps, the fertility ratio is [zM i /zM i ϩ N i ], where z is the survivorship of males following visits to ME sources. Thus, there are only zM wild males remaining for mating after attraction and capture. If males are in excess of receptive females, then the equations are as shown in Appendix 1A. The critical value of r is:
which is just z times the corresponding value from equation 4, where mating precedes trapping.
To assess the possibility of male deÞcit, we equate males (zM ϩ N) and virgin females (V), and obtain the separatrix, r e :
where r e is the value of sterile male releases that allows total males and receptive females to be equal at equilibrium. These values of r and z assume that the system is at equilibrium, so we can equate the values of r in equations 5 and 6, as this value is not only a critical value but also the particular critical value that makes total males equal receptive females. Doing this gives
However, this is the same as that for z* with no sterile releases (Barclay and Hendrichs 2014 ).
It appears that below the point of equality of total males and receptive virgin females, the effects of the mating ratio (M/M ϩ N) are lost in this model. Here, females outnumber total males at equilibrium and the number of fertile matings between wild males and females is now determined not by the ratio of wild males to all males, but rather simply by the number of wild males. Thus, when wild males are in deÞcit in this special case, sterile male releases have no effect on the growth potential of the population; all they do is generate a subpopulation of sterile-mated females that do not have any effect on population growth.
Above the value of r that results in equality of males and virgin females (i.e., the separatrix), the removal of wild males by male annihilation (MAT) assists sterile male releases in suppressing the population, and these effects become stronger as the number of sterile male releases becomes greater. We can also substitute z ϭ (1 Ϫ s)/[as ϩ s(1 Ϫ s)] back into equation 6 to obtain the value of r e in terms of only the biological parameters, and we get r e ϭ aF(1 Ϫ s)[as Ϫ (1 Ϫ s)]/as. It is fortunate that the levels of sterile male releases that have no effect are seldom realized, as they represent a very small overßooding ratio.
In the equations for the male deÞcit case, the factor
gives the proportion of virgin females that manage to mate (as mating is limited by the number of males) and then multiplying by sV i gives the number that mate, which is just the number of The interaction of ME baiting and capture survivorship, (z), and ME-exposed sterile male releases, (r), required to eliminate the pest population for the case in which females are monogamous and only males are released. (a) mating occurs before attraction and capture; (b) attraction and capture occurs before mating. The four sets of parameter values for fecundity (a) and survivorship (s) are: a ϭ 2, s ϭ 0.7; a ϭ 2, s ϭ 0.9; a ϭ 10, s ϭ 0.7; and a ϭ 10, s ϭ 0.9. surviving males (Appendix 1A). Solving for the critical value gives z* ϭ (1 Ϫ s)/[as ϩ s(1 Ϫ s)], which is the same as with no sterile releases, and we see that at equilibrium sterile male releases play no part in this condition.
For the case of attraction to ME sources before mating, the relationship between r*, z, and the other parameters is graphed in Fig. 1b for four sets of parameter values. Although Fig. 1a and b resemble each other, note that the curves in Fig. 1b start near zero on the left, while those in Fig. 1a start above zero. Thus, if mating occurs before capture, then SIT will need to be used as well to assist MAT application because baiting and trapping cannot control the population by itself, whereas if attraction occurs before mating, then there exist a range of capture mortalities at which SIT is not required, but is still useful. The assistance that the SIT provides to the application of MAT depends on the parameters values.
The distinction between male excess and male deficit at equilibrium will determine which set of equations to use. The determination of male excess or deÞcit will depend on the pair of z-r critical values that are to be used. A male deÞcit case can be turned into a male excess case (where both exist) by switching to a different pair of r-z values with sufÞciently high value of sterile releases, r. In practice, for pest control purposes, sterile male release rates will usually be considerably above those simply required to establish population equilibrium. A sufÞciently large value of r will yield male excess, unless sterile females are also being released.
Remaining Combinations of Female Mating Patterns, Sterile Sexes Released, and Order of Mating and Capture. In addition to the cases described above, the remaining cases have been investigated, but only the results are shown. We have examined the cases for all combinations of female monogamy or polygamy, the release of only sterile males or the release of both sterile males and females in equal numbers, mating before visiting the baits and traps or attraction to ME sources before mating, and male excess or male deÞcit. The equations are shown (where they apply) in Appendix 1A; in cases where one of male excess or male deÞcit never occurs, the equations are omitted and "No equations" is printed in their place. The separatrices and conditions for male excess or deÞcit are shown in Appendix 2, and the critical values of sterile release rates, r, and ME capture survivorships, z and y, are shown in Table 1. 1. Order of mating and ME attraction and capture: As mentioned above, the difference between the equations for mating before baiting and trapping versus attraction and capture before mating, is that for mating before ME capture, the males (M) have not been reduced by the factor z, whereas after baiting and trapping, the males only survive at a rate 
. ME sources attract both wild and sterile males
C. ME sources attract wild males and receptive females
Increased sterile male mating success after ME feeding
Female mating is delayed
Both males and females attracted
Here reproduction is daily. Symbols are as follows: Mo, females monogamous; Po, females polygamous; Mate, mating is before attraction to traps; Attr., attraction to ME baits and traps is before mating; M, only sterile males are released; M&F, sterile males and females are released; Excess, males are in excess of receptive females; DeÞcit, males are less than receptive females. "None" refers to the nonexistence of this condition.
zM for mating. Isoclines of critical values of r and z are shown in Fig. 2 for the eight cases of female mating patterns (monogamy vs. remating), sterile males or both sexes released, and the order of mating and capture for the parameter values used (a ϭ 5.0 and s ϭ 0.8). These eight isoclines fall neatly into two groups: four for mating occurring before ME attraction (upper curves) and four for ME attraction occurring before mating (lower curves). There is so much overlap in the curves that those within either of these groups are almost indistinguishable. All curves meet at the upper right, where male annihilation does not occur (SIT is the sole suppression method) and where the distinction between the order of mating and ME attraction vanishes. 2. Male excess and male deÞcit: Some of these curves were generated using equations for both male excess and male deÞcit, whereas some were generated using only one of these, as the other was not applicable. The smooth nature of all the curves (not shown) indicates that the isoclines for male excess and for male deÞcit were similar, as there are no sharp changes of direction, and also they meet each other at the positions of separation (the separatrices, r e ). In addition, all of the separatrices that were calculated were close to the bottom left of the graphs, near the critical z values with no sterile releases. 3. . It is further assumed that the only effect of polygamy is to deny virgin females the certainty of mating when they are receptive; remating is assumed not to change their fecundity status. Here also, the major difference between female monogamy and polygamy is in the determination of male excess or deÞcit, and the distinction had little affect on the isoclines or the critical values of r and z. Both female polygamy and the release of both sexes increase the chances of male deÞcit at equilibrium. On the lower left in Fig. 2 , there are slight differences in z* because of the difference between female monogamy and polygamy, but these differences are only slight, being 0.0481 and 0.050.
SIT Application in Combination With Attraction of Both Fertile and Sterile Males to Baits and Traps.
The equations for this case are shown in Appendix 1B and involve survivorships from baiting and trapping of z for wild males and u for sterile males. When the SIT is used simultaneously with baits and traps containing ME, it is assumed in this model that the sterilized males have been exposed to ME, but that some sterile males are still attracted to the baits. We develop only the scenario of female monogamy and the release of only sterile males. There are two cases, depending on whether the males are attracted before mating, or subsequent to mating.
The survivorships z and u would be expected to be related via the baiting effort, as an increase in amount of bait would generally increase mortality of both the wild and sterile males. Thus, we have made the mortality of sterile males a constant multiple of that for wild males. The mortalities are (1 Ϫ z) and (1 Ϫ u), so we let (1 Ϫ u) ϭ c(1 Ϫ z) and then manipulate u by means of the equation: u ϭ 1 Ϫ c(1 Ϫ z), so that when z is varied to assess its effects, u is also varied accordingly.
The isoclines for this model are shown in Fig. 3 for each order of mating and ME attraction and for values of F ϭ 10, a ϭ 5.0, and s ϭ 0.8 and of wild male baiting survivorship, z, from 1.0 to the critical value, z*, and for three values of c determining trapping survivorship of sterile males, u, such that the sterile capture mortality is a proportion (0.0, 0.2, or 0.4) of the capture mortality Isoclines for the eight models consisting of all combinations of female monogamy (Mo) or polygamy (Po), the release of only ME-exposed sterile males (M), or both ME-exposed sterile males and females in equal numbers (M&F), and mating before ME attraction (B) or ME attraction and capture before mating (A). Each isocline represents all the pairs of values of capture survivorship (z) and sterile releases (r) that will hold the population at equilibrium, assuming the wild female subpopulation is 10 individuals; an increase in r or a decrease in z will cause elimination of the population. Parameter values used in the eight models are a ϭ 5.0 for fecundity and s ϭ 0.8 for survivorship. The isoclines form two groups: the upper represents mating before ME attraction and capture (B) and the lower ME attraction and capture (A) before mating.
of the wild males. It is evident that the attraction of a proportion of sterile males to ME sources necessitates a considerable increase in the sterile release rate, especially at higher capture mortalities, and this increase is greater for mating preceding ME attraction than for ME attraction preceding mating.
SIT Application in Combination With Attraction of Both Wild Males and Receptive Females to Baits and
Traps. The equations for this case are shown in Appendix 1C and involve survivorships from baiting and trapping of z for wild males and y for receptive females. This case is also analyzed only for the case of female monogamy and the release of only sterile males. The female survivorship, y, is treated in the same way as u above, so that x ϭ 1 Ϫ c(1 Ϫ z) for three values of c in the model manipulations. The isoclines for this model are shown in Fig. 4 for each order of mating and ME attraction and for values of F ϭ 10, a ϭ 5.0, and s ϭ 0.8 and of wild male survivorship, z, from 1.0 to the critical value, z*, and for three values of baiting survivorship of females, y, such that the female capture mortality is a proportion (0.0, 0.2, or 0.4) of the capture mortality of the wild males. It is evident that even some attraction and capture of females considerably enhances the control program and reduces the number of sterile males that need to be released, especially at higher ME capture rates.
A Proportion of Wild Males Has Access to a Natural ME Source and Does Not Respond to ME Baits and Traps. If a certain proportion of wild males does no longer respond to ME baits and traps because of prior exposure to natural ME sources, then that proportion will not be killed and will therefore be available to mate. Let the proportion that does not respond to ME be 1 Ϫ p, then the proportion killed at traps will be p(1 Ϫ z) and the proportion that survive the baiting and trapping each day is b ϭ 1 Ϫ p(1 Ϫ z). This can be substituted for z in the equations for any of the models. Considering the model for female monogamy with the release of only males, we can substitute b for z in equations for female monogamy and the release of sterile only males (Appendix 1A) for mating before attraction to baits and those for attraction before mating. Using equations 4 and 5 for the critical values, r*, we get:
for mating before attraction, and
for attraction before mating. The effects of this proportion of wild males not being attracted to the ME baits and traps is shown in Fig. 5 for proportions that escape being killed at traps of 0.0, 0.2, and 0.4 of the wild males and for values of F ϭ 10, a ϭ 5.0, and s ϭ 0.8. It can be seen from Fig. 5 that the avoidance of being captured at ME sources by some wild males increases the required sterile release rate, and this is greater as baiting intensity is greater, near the left sides of the curves, but the effects are not drastic. For these parameter values, sterile male release rates can still be lower even with 40% of the wild males escaping the baiting if attraction to ME sources is before mating than any of the values if mating is Þrst.
Increased Sterile Male Mating Success After ME Exposure or Feeding. As a result of certain massrearing, handling, sterilization, and release processes, sterile males may not be as successful in mating with , of the ME-exposed sterile males are attracted to the ME sources and killed. This Þg-ure shows for female monogamy and the release of only sterile males, the interaction among the critical values of sterile releases, r*, and wild male survivorship from ME baiting, (z), for three values of u, representing 0.0, 0.2, and 0.4 times the capture mortality of wild males (represented by the constant c). M, mating before attraction to traps; A, ME attraction and capture before mating. Here F ϭ 10, a ϭ 5.0, and s ϭ 0.8. A proportion, (y), of the females are attracted to ME sources and killed. This Þgure shows for female monogamy and the release of only ME exposed sterile males, the interaction among the critical values of sterile releases, (r*), and wild male survivorship from ME baiting, (z), for three values of y, representing 0.0, 0.2, and 0.4 times the capture mortality of wild males (represented by the constant c). M, mating before attraction; A, ME attraction and capture before mating. Here F ϭ 10, a ϭ 5.0, and s ϭ 0.8.
wild females if they have not fed on ME as those that have had access to ME before release. The equations for this case are shown in Appendix 1D for the case of female monogamy and attraction of only wild males to the ME traps. Other cases are expected to behave similarly with respect to such ME exposure. The equations are modiÞed by the usual method of assessing competitive ability of sterile versus wild males; the inclusion of the factor c in the denominator allows assessment of different mating success in wild and sterile males. The factor c may take on values between zero (no competitive ability) and one (being fully competitive). Figure 6 shows the effects of such reduction in competitive ability for values of F ϭ 10, a ϭ 5.0, and s ϭ 0.8. Sterile males that have not had access to ME immediately on adult emergence will be less successful in mating and the results are that the critical release rate will have to be considerably greater at higher wild male capture survivorships than if such exposure had occurred.
For the case of male excess:
The value of r* increases with a decrease in c (lower mating ability) and decreases with a decrease in z (wild male survivorship while trapping), and when z ϭ 1 and c ϭ 1, we recover the expression in equation 2. For the case of male deÞcit, we obtain z* ϭ (1 Ϫ s)/ [as ϩ s(1 Ϫ s)]. In this case, with the release of only sterile males, it seems highly unlikely that male deÞcit would ever be realized.
Females Have a Maturation Period After Emergence Before They Can Mate. The equations are given here for the case of female monogamy with the release of only sterile males and with trapping before mating.
In this case, the females can only mate on the th day (or later) after emergence from the puparia, so that the equation for the virgin females will have Ϫ 1 terms before the term for mating. As analysis of this model will only be in terms of the steady state and a full description of the model is messy, we will present the equations in steady state form (see Appendix 1E).
If male annihilation is not being applied and the only control method is the release of sterile males, then the critical sterile release rate with a delay in mating is:
Notice that if ϭ 1, then we get the value of r* given in equation 2. With Ͼ 1, the value of r* is less than that in equation 2, indicating that a delay in mating assists the sterile release program as a result of natural mortality of females before mating. If both wild males and females are attracted and killed at the traps, then there are two cases to consider. If males are in excess of receptive females, then we get the equation involving z, y, and r:
This must be solved numerically for y. If sterile males are not being released and only females are being trapped, then y* ϭ 1/s(a ϩ 1). Examples of solutions for critical sterile male release rate are shown in Fig.  7 for values of F ϭ 10, a ϭ 5.0, and s ϭ 0.8 and for two values of male trapping survivorship (z), three of female trapping survivorship (y) and 10 values of the delay in mating (). If males are fewer than the number of receptive females, then we get the solution that for the critical value for male trapping is z* ϭ (1 Ϫ sy)/[a ϩ s(1 Ϫ sy)]. This indicates that the release of steriles disal- A proportion, 1 Ϫ p, of the wild males are not attracted to the ME sources, as a result of prior exposure to ME. This Þgure shows for female monogamy with the release of only ME exposed males, the interaction among the critical values of sterile releases, r*, and wild male survivorship from ME baiting, z, for three values of 1 Ϫ p, representing proportions 0.0, 0.2, and 0.4 of wild males that are not attracted and killed at baits and traps (represented by the constant c ϭ P ϭ 1.0, 0.8, and 0.6). M, mating before attraction; A, ME attraction and capture before mating. Here F ϭ 10, a ϭ 5.0, and s ϭ 0.8. . This Þgure shows for female monogamy with the release of only ME-exposed males, the critical sterile male release rate when the mating ability of sterile males was 1) the same as the wild males (c ϭ 1.0), 2) 0.75 times as much as the wild males (c ϭ 0.75), and 3) half as much as the wild males (c ϭ 0.5). This mimics the case in which sterile males have been exposed versus not exposed to ME before release to increase their mating performance. Here F ϭ 10, a ϭ 5.0, and s ϭ 0.8. lows the case of male deÞcit. Thus, whenever sterile males (but not females) are released with the use of ME baiting and trapping (and males are in excess of receptive females), the trapped males will likely only assist the control program by reducing the number of wild males and thereby increasing the sterile:fertile ratio.
If only wild males are attracted and killed at the traps, there is only one case. If males are in excess of receptive females, then the control equation reduces to:
(see equations in Appendix 1E). This does not reduce to anything meaningful when r is 0, as the equations assume that males are in excess, and if r ϭ 0, then the system is not controllable with male excess. Examples of solutions for the critical value of sterile release rate (r) are also shown in the same Fig. 7 for two values of male trapping survivorship, z, three of female trapping (survivorship y ϭ 1; y ϭ 0.875, y ϭ 0.75), and 10 values of delay in female mating (). If sterile males (but not females) are being released, then males cannot be fewer than the number of receptive females, so that case does not exist. The Use of Demographic Data in ME Baiting and Trapping Programs. From the result given in equation 9, we see that the data required for estimating the critical baiting and trapping survivorship, z*, to eliminate an insect population, are daily fecundity and adult survivorship. Hidden in this equation is also all the mortality that would be accumulated by an insect cohort between oviposition and emergence of adults, and also between ßy emergence and the start of reproduction. The theoretical models are purposely made simple to facilitate the derivation of general principles; however, when it comes to computing actual values of z* and r* for a particular real population the models must be ßeshed out somewhat and the assumptions addressed. Because the distinction between monogamous and polygamous females appears to be of limited importance, the development that follows will be only for monogamous females. We will develop the case for B. dorsalis, as demographic data are available that are of good quality and are suitable for our purpose (Vargas et al. 1984) .
In a laboratory study of cohort development of three tephritid species, Vargas et al. (1984) determined that the total preadult mortality (here called ␥; Barclay and Hendrichs 2014) of eggs, larvae, and pupae of B. dorsalis was 37% (l x ϭ ␥ ϭ 0.63). The egg, larval, and pupal stages were Ϸ1.6, 7.8, and 10.3 d long, respectively, totaling Ϸ20 d. In addition, the authors gave a survivorship curve from day 1 (oviposition) to about day 126, when only Ϸ1% of the cohort remained. The greatest mortality was in the larval stage, followed by senescent adults at about day 115. Fecundity and egg hatchability curves were also given from day 26, when the Þrst mated female (F) oviposition occurred, until day 126, by which time oviposition had virtually ceased. We Þtted curves to both the survivorship and fertility data and computed the mean daily fertility (MDF, here called ), or "mean fertile eggs per ßy-day," that Carey (1989) gave as: [13] in which the sum is taken over all ovipositing ages of adults, and l x , h x , and m x are, respectively, the adult female survivorship to age class x, the egg hatchability from adult age-class x, and the fecundity of age class x. Using the data of Vargas, the mean daily fertility () was calculated to be 8.76 using the actual survivorship data and 11.69 using an exponential approximation to the survivorship curve in which the endpoints were 0.59 at day 26 and 0.01 at day 126. We borrow the relevant equations to build on from the work of Barclay and Hendrichs (2014) that modeled control by MAT only. Assuming that with the release of sterile males, the males will always be in excess of receptive females, then the equations are as shown in Appendix 1F. In those equations, F 1 , G 1 , V 1 , M 1 , and N 1 are the values of the earliest age classes of the fertile females, sterilized females, virgin females, wild males, and released sterile males, respectively, and the subscript T refers to the totals of these categories. These equations yield a critical rate for the release of sterile males, r*, of
Because we have no data from Vargas on the survivorship of sterile males, we assign u i ϭ s i for all i, and equation 14 simpliÞes to Fig. 7 . This Þgure shows for female monogamy, with the release of only ME-exposed sterile males and with trapping before mating, the critical sterile ßy release rate, r*, when mating is delayed by days of sexual maturation and daily baiting and trapping attracts and kills both males (a proportion of 1 Ϫ z each day) and some females (a proportion of 1 Ϫ y each day). The six lines represent the six combinations of two levels of survivorship of males (z ϭ 0.7 and 0.4) and three levels of survivorship of females (y ϭ 1.0, 0.875, and 0.75). The delay in mating, , takes on all integral values between 1 and 10 inclusive. Here F ϭ 10, a ϭ 5.0, and s ϭ 0.8.
Although equations 14 and 15 appear complicated, they only involve the data presented by Vargas et al. (1984) and statistics that can be easily derived from those data, with the exception of sterile male survivorship, u. In using equations 14 and 15, we will assume that achievable values of y and z are determined from prior experiments with traps and then we calculate the required value of sterile releases after substitution of the predetermined values of y and z into equations 14 or 15. Using the parameter values above and assigning y ϭ z ϭ 1.0, we Þnd that if SIT is used without trapping, then r* ϭ 201,577. The equilibrium value of M T is
s j ]. We can then quantify the critical sterile release in terms of M T : r* ϭ 5.41 M T , so that the daily release rate needs to be 5.41 times the equilibrium size of the wild male component of the population. The value for y* and z* acting alone were (Barclay and Hendrichs 2014) y* ϭ 0.721 and z* ϭ 0.065. As an illustration of the synergism among the three parameters in this model, if y ϭ 0.9 and z ϭ 0.5, the r* ϭ 6646, Ϸ3% of the value with no trapping. In this case, r* ϭ 12.08 M T .
We could also use a simpliÞed model that assumes age-independent adult survivorship and an inÞnite number of adult age classes (Appendix 1F). The survivorship between ages 26 (the Þrst day of mated female oviposition) and 126 was converted to a constant daily survivorship by taking the geometric mean per day over the period of 100 d from 0.59 to 0.01; this can be obtained from the equation: 0.59 s n ϭ 0.01, where n ϭ 100 in this case. Using natural logarithms, ln [(0.59)(s n ) ϭ ln (0.01), so that ln (0.59) ϩ 100 ln(s) ϭ ln (0.01) ϭ Ϫ 4.6052. Collecting terms, ln (s) ϭ Ϫ0.0408, so that s ϭ 0.960. Thus, the adult survivorship from 1 d to the next is 0.960 using an exponential survivorship curve for the ovipositing adults. Also, we assign the parameter the value of 11.69. The mean daily fertility () and the preadult survivorship (␥) will be inserted into the equations for the simpliÞed model in Appendix 1F. An additional correction that must be included is the mortality accrued by virgin adult females during the period between emergence from the puparia and when they become receptive for mating. From the graph presented by Vargas et al. (1984) this period is taken as six days, and thus the factor of 0.960 6 ϭ 0.783 is also included. Solving the equations in Appendix 1F for steady state, we obtain:
This reduces to equation 2 when z ϭ y ϭ 1.0 and kv ϭ 1. With the parameter values listed above ( ␥ ϭ (11.69)(0.63) ϭ 7.36, s ϭ 0.960, kv ϭ 6, and F T ϭ 100) for B. dorsalis, the values of z*, y* and r* when acting alone are: z* ϭ 0.005; y* ϭ 0.721 (Barclay and Hendrichs 2014) and r* ϭ 132,550 per day. If we substitute
in the equation for r* above with y ϭ z ϭ 1.0, we
is approximately seven times the equilibrium male population.
If z is 0.5 and y ϭ 0.9, then r* is reduced to 773, Ͻ1% of the value with z ϭ y ϭ 1.0, and in this case r* ϭ 3.81 M T . These interactions are shown in Fig. 8 for three values of z and two values of y as well as 10 values of kv (1 Ϫ 10). It is apparent in Fig. 8 that for the extreme values, control will be difÞcult by SIT alone without integration with any other suppression method, while even modest amounts of capture at ME traps and baits greatly reduce the required sterile release rate for eradication. These show the value of integrating MAT and SIT when ME attracts males and some females. The gain in efÞciency would not be nearly as great if ME attracted only males.
It is obvious that if we take the full model as the more correct one, then the simpliÞed model seriously underestimates the required sterile release rate for control. This is likely a result of its use of the exponential survivorship curve, which reduces both the mean age of the population and thus also the lifetime egg production per mated female. The gain in ease of calculation in this case comes at a considerable cost in accuracy, in contrast to the case when using MAT alone, where the simpliÞed model yielded an acceptable approximation to the full model if females were being trapped as well as males (Barclay and Hendrichs 2014) .
Discussion
The previous article (Barclay and Hendrichs 2014) dealt with the use of MAT alone, and we found that without the trapping of females as well as males, the chances of success appear to be slim. In this article, we include the simultaneous implementation of the SIT Fig. 8 . The critical ME-exposed sterile male release rate, r*, for B. dorsalis when capture survivorship for males (z) is 1.0, 0.75, or 0.5 and that for females (y) is 1.0 or 0.8; in addition, the delay until mating is shown for values from 1 to 10 d on the horizontal axis. The vertical axis shows values from zero to 1,00,000 (in exponential notation) for daily male sterile releases. If releases are made weekly rather than daily, then the release rates would need to be multiplied by 7. With even modest wild male capture rates, required sterile ßy releases can be much lower than without capture. Here F ϭ 100, a ϭ 7.67, and s ϭ 0.961. and the MAT. When there is no capture of ME-exposed sterile males at ME baits and traps, the sterile male release rate can be reduced to Ͻ5% of that when SIT is applied alone. This, in principle, also extends the range of the use of SIT to species for which ME is a weaker attractant or which respond to cuelure, as lower male annihilation rates are compatible with suppression or eradication than would be the case without the simultaneous use of SIT. Also here, the attraction of a proportion of females to MAT baits considerably increases the efÞciency of control and reduces the required sterile release rates unless most of the wild males mate before being attracted or captured, although even then some assistance is rendered by the SIT. Thus, wild male mating before capture at ME sources is still compatible with control, but is much less effective than if males are attracted and captured at baits and traps before they start mating. Actually, the critical sterile ßy release rate required to achieve success is a linear function of the proportion of wild males that can mate before being captured at ME sources.
Several assumptions must be addressed before any conÞdence can be placed in the computations. The assumption to which these calculations are most sensitive appears to be the assumption that males are limited to one mating per day (Barclay and Hendrichs 2014) . Furthermore, the assumption that the survivorship curve can be adequately represented by a single value, s, will depend on the shape of the actual curve. In the data of Vargas et al. (1984) the actual curve is convex (late mortality), rather than concave as it would be with constant daily survivorship. The data from Vargas et al. (1984) were obtained from a laboratory study that underestimates the mortality occurring under natural conditions, and this will also bias the calculation of z*. In addition, while under natural conditions protein sources are very limited, females had unlimited access in the laboratory to quality food, allowing them to maximize their potential fecundity. Furthermore, the start of oviposition in the laboratory adapted strain was already on day 6, while wild B. dorsalis can require up to 29 d for reaching sexual maturation and 50% accumulated mating (Arakaki et al. 1984) .
Even considering these above assumptions and caveats, the value obtained for z* using either survivorship model is extremely low by comparison with the value for y* (for baiting and trapping survivorship of females) obtained by Barclay and Hendrichs (2014) , which was y* ϭ 0.721. This illustrates the importance of baiting and trapping some females as well as males, especially when mating is delayed. The killing of females reduces the wild population and killing of males reduces the wild male part of the population, drastically increasing the sterile:fertile ratio when sterile males are released.
The main determinant of efÞciency of control (apart from baiting efÞciency and sterile release rates) appears to be the timing of mating and attraction to baits and traps (Fig. 1) . The release of only sterile males or both males and females does not much affect the ease of control, and thus females can safely be released if a sex-separation technique is not available, or they can be eliminated from the rearing process, thus saving resources. Also, a high remating frequency in mated females does not much affect the ease of control, and thus the distinction between monogamy and polygamy appears to be unimportant in this context.
Our results indicate that the attraction of sterile males to ME baits and traps considerably reduces the efÞciency of control and requires much higher sterile ßy release rates than otherwise. The capture proportion of ME-exposed sterile males is only one third that of nonÐME-exposed sterile males for B. dorsalis (Shelly 1994; D.O.M., unpublished data) . Other MEresponding species will very likely be different for this proportion. However, treating sterile males between emergence and release with ME is not only important to minimize their response and elimination at MAT baits; in a laboratory study, Shelly and Dewire (1994) showed that access of B. dorsalis males to ME increases mating performance for as long as 35 d after exposure. Field cage (Shelly et al. 2010 ) and open Þeld measurements (McInnis et al. 2011 ) comparing over a season the impact of releasing ME-and nonÐME-exposed sterile males to suppress B. dorsalis populations conÞrmed that prerelease access to ME entails at least a threefold mating advantage for treated sterile males, thereby largely compensating for their on average lower sexual competitiveness compared with that of wild males. Prerelease treatment would only slightly increase the cost per million sterile male produced (Shelly et al. 2010 , McInnis et al. 2011 , and the development of practical ways of providing the required doses of ME to emerged sterile males on an operational SIT scale at ßy emergence and release facilities is in progress (Tan and Tan 2013) .
Data requirements for use of the age-structured model are considerable. Age-dependent survivorships and fecundities of adults must be known or at least rough estimates must be available. These are not impossible requirements, as life tables will provide most of the data requirements and many pest species have such data available. For example, the medßy, Ceratitis capitata Wiedemann, has been reared in the laboratory and such measurements taken (Vargas et al. 1984 , Carey et al. 2008 , Gutierrez and Ponti 2011 and the basic demographic parameters are well known. The demographic parameters of many pest species are not so well known and must be obtained empirically. It is clear that this is worth doing, as the age-structured model may give somewhat different estimates of required trapping and sterile releases than do models without age structure; this is presumably a result of the fact that models without age structure omit a characteristic that affects the dynamics of populations because of accrued mortality and also time lags that exist because of the age structure.
The environment friendliness of the MAT has recently been improved through the development of solid baits and replacement of organophosphates with reduced-risk insecticides (Vargas et al. 2010) . In addition, by incorporating the SIT, a less stringent annihilation of the wild male population is required. This allows a lower reliance on MAT alone for control: 1) to reduce the possibility of selecting for nonresponding males (Cunningham 1989) ; and 2) to reduce the possibility of environmental impact of the routine area-wide ME baiting on nontarget species such as chrysopid predators and some pollinators that respond to ME sources (El-Sayed et al. 2009, Tan and Nishida 2012) .
We conclude that:
1. Order of trapping and mating appears to be of great importance for control using MAT. If some mating occurs before capture at ME sources, then annihilation of males alone will not control a Bactrocera population unless sterile males are also released. 2. Remating of females provides competition for males and thus in principle makes it easier to deny a proportion of virgin females a chance to mate when they are ready. Our models show that Bactrocera species with remating females are somewhat easier to control by MAT than monogamous species, but not by a wide margin. 3. With the high rate of oviposition of many species of tephritids, relatively few males are required to maintain a viable population. Our models indicate that if only males are caught at the ME traps and SIT is not used, then control is very difÞcult; if a proportion of females is also caught, then control is greatly facilitated. 4. MAT and SIT are synergistic and are more effective in combination than are either used alone or in sequence. This is a result of the preferential attraction of wild males to ME-baited traps, thus increasing the ratio of sterile to wild males in the population. 5. If both MAT and SIT are used simultaneously and a proportion of sterile males is also attracted to the ME baits and traps, then the sterile release rate must be considerably greater than if sterile males are not attracted. 6. A delay in mating of the females as a result of sexual maturation requirements greatly facilitates control by both MAT and SIT. This delay allows natural mortality to decrease the virgin female population before mating, thus decreasing the reproductive rate that is achieved. 7. Sterile males that have had access to ME before release will not only be less susceptible to capture at ME baits, but also more successful in mating with wild females than nonÐME-exposed sterile males, thus allowing a lower release rate and permitting a less-intensive MAT application. 8. Using demographic data from a laboratory population of B. dorsalis, the critical daily survivorship for wild males from MAT application alone was 0.065 (requiring the daily elimination of Ϸ93.5% of males of a population), whereas the critical survivorship for wild females was y* ϭ 0.721. Killing a proportion of females reduces the wild population and killing males reduces the wild male part of the population, thus increasing the sterile:fertile ratio when sterile males are released. Thus, the use of MAT and SIT in combination appears to be an extremely powerful control strategy for tephritid fruit ßies that are attracted to ME. 9. Using the same data, the critical sterile release rate was very high without MAT because of the high reproductive rate of the population, but decreased dramatically with the simultaneous use of MAT if both males and females were being captured. This is a result of reducing the reproductive rate by reducing the number of females and also by increasing the sterile:fertile male ratio, thus reducing the proportion of eggs that will hatch. 
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